L. K. Ono, S. (. Liu, Y. Qi, *Angew. Chem. Int. Ed.* **2020**, *59*, 6676.

1. Introduction {#anie201905521-sec-0001}
===============

Solar cells have emerged as a promising technology in the search for clean and sustainable energy sources. Research has been conducted to develop new emerging photovoltaic (PV) technologies[1](#anie201905521-bib-0001){ref-type="ref"} with desirable properties, such as being lightweight, flexible/bendable, low‐cost and environmentally benign, which are not only alternative to current Si PV technology, but also can be useful in certain niche applications, such as building integrated photovoltaics (BIPVs), solar curtains, solar vehicles and airplanes, compact solar‐charging systems. However, before commercialization can take off on a large‐scale, these solar cells must be efficient, reproducible, and stable. Often a suitable PV material choice is based on selecting a semiconductor with a proper band gap, a high absorption coefficient, suitable charge‐transport properties, and long‐term stability.[2](#anie201905521-bib-0002){ref-type="ref"} The current PV market is still dominated by Si‐wafer‐based solar modules corresponding to a total of over 90 % of the global market share.[2](#anie201905521-bib-0002){ref-type="ref"}, [3](#anie201905521-bib-0003){ref-type="ref"} The share of mono‐ and multi‐crystalline silicon technology is around 32 % and 61 %, respectively. The market share of all thin‐film technologies including CdTe (2.3 %), copper indium gallium diselenide or CIGS (1.9 %), and amorphous‐Si (0.3 %) amounts to only around 4.5 % of total global solar module production.[6](#anie201905521-bib-0006){ref-type="ref"} When comparing these different commercialized PV technologies there is a general trend, that is, the solar cell performance is strongly dependent on the impurities and defects present in these semiconducting photovoltaic materials. In the literature, defects are often classified into two categories (i.e., shallow and deep) considering the practical device operation point of view.[7](#anie201905521-bib-0007){ref-type="ref"} A defect is regarded as shallow when the separation of its ground state energy level from the valence band (VB) or conduction band (CB) mobility edges is comparable to or lower than the thermal excitation energy *k* ~B~ *T* (*k* ~B~ is the Boltzmann constant and *T* is temperature) corresponding to room temperature (usual device operation temperature). Deep levels are states with the energy difference *E*≫*k* ~B~ *T* from VB or CB edges in the mid‐gap direction that can trap electrons or holes and decrease the overall carrier extraction/transport efficiency.[7](#anie201905521-bib-0007){ref-type="ref"}, [8](#anie201905521-bib-0008){ref-type="ref"} A major task in solar‐cell fabrication has been devoted to the development of processing sequences that can minimize the deleterious impurities, point and cluster defects, and if unavoidable, how to passivate them. For instance, in Si technology, boron (electron acceptor) and phosphorous (electron donor) atoms are introduced to the Si crystal lattice to modify intrinsic Si properties to p‐type and n‐type semiconductors, respectively. These boron and phosphorous impurities or dopants (or extrinsic defects) in minute amounts lead to only shallow‐level point defects in the Si band gap generating free carriers with desirable concentrations. Because shallow states are energy states formed near the VB or CB mobility edges, generally they are considered to be benign and offer a useful means to modulate semiconductor electronic properties. For example, although shallow defect states can also trap charge carriers, because of the relatively low activation energy required for these trapped charges to be excited to mobility edges, detrapping events occur at a relatively high rate, that is, most of these trapped charge carriers can be thermally released to the bands before recombination can occur inducing minimal influences on charge‐carrier transport.[9](#anie201905521-bib-0009){ref-type="ref"} On the other hand, intrinsic defects of low‐coordinate Si atoms at the surface or dangling bonds introduce deep levels within the Si band gap that lead to decrease in the overall carrier transport efficiency. Furthermore, deep levels within the band gap can lead to electron--hole recombination (radiative, non‐radiative, Auger recombination) that hinders the overall power conversion efficiency (PCE) in Si solar cells; therefore, deep levels show a detrimental effect on Si solar cells. Surface passivation by terminating the Si surface atoms with H atoms was demonstrated as an effective remedy to eliminate these deep‐level states as a result of dangling bonds. In 2017, Kaneka Corporation applied the so‐called passivating‐contact solar cell technology setting the world\'s solar cell efficiency record of 26.6 % with a designated area of 180.4 cm^2^.[10](#anie201905521-bib-0010){ref-type="ref"} As well as the crystalline Si solar cells described above, polycrystalline solar cells that include Si, CdTe, CIGS, Cu~2~ZnSnSe~2~ (CZTSe), and Cu~2~ZnSnS~2~ (CZTS) materials offer the advantage of lower fabrication costs, but are also influenced by the quality of interfaces and densities of different types of defects such as point defects, stacking faults, twinning structures, dislocations, and grain boundaries.[11](#anie201905521-bib-0011){ref-type="ref"} Some defects, such as grain boundaries and interfaces, have very different electronic properties in these materials. For example, grain boundaries lead to harmful deep levels in Si and CdTe, but they do not produce deep levels in CIGS, CZTSe, and CZTS materials. This is why passivation is critical in Si and CdTe solar cells, while passivation is less important in CIGS and CZTS solar cells.[7a](#anie201905521-bib-0007a){ref-type="ref"}, [11a](#anie201905521-bib-0011a){ref-type="ref"} Organic semiconducting materials are more prone to the formation of trap states because of their disordered nature induced by the weak van der Waals interaction between molecules. As a consequence, these defects play a similar important role in the performance of organic solar cells.[12](#anie201905521-bib-0012){ref-type="ref"} Several Review articles provide insightful information about defects in Si, CdTe, CIGS, and organic based PV technologies.[7a](#anie201905521-bib-0007a){ref-type="ref"}, [11a](#anie201905521-bib-0011a){ref-type="ref"}, [13](#anie201905521-bib-0013){ref-type="ref"}

In this Review, we examine the current progress and challenges on the characterization of defects in metal halide perovskites (denoted as "perovskites" throughout the article). In the subsequent Sections, we provide our views on two topical subjects by analyzing published works on defects in metal halide perovskites. The first topic is the experimental challenges in identifying the different types of defects present in perovskites. Much has been done theoretically for proposing the presence of different types of point defects in perovskites. However, the probing of the different types of defects experimentally is rather challenging. On the basis of our survey shown in Table S1 in the Supporting Information and summarized in Figure [1](#anie201905521-fig-0001){ref-type="fig"} a, we discuss the current progress for attaining a thorough characterization of these defects experimentally, such as 1) experimental assignment of the type of defects, 2) defects densities, and 3) the energy positions within the band gap induced by these defects. The second topic is based on a question if we are able to assign experimentally the different types of defects in perovskites based on the defect physics and coordination chemistry by the passivation strategies. Our survey shown in Table S2 and summarized in Figure [1](#anie201905521-fig-0001){ref-type="fig"} b,c, provide a comprehensive list of the types of defects that are important to be considered and need to be minimized for solar cell applications. The recent work by Jiang et al.[14](#anie201905521-bib-0014){ref-type="ref"} employed the passivation strategy and obtained the certified record PCE of 23.3 % and 23.7 % in the National Renewable Energy Laboratory (NREL) chart.[1a](#anie201905521-bib-0001a){ref-type="ref"} Acquiring a complete fundamental understanding of defects in perovskites is highly important to overcome technologically relevant issues for commercialization (efficiency, scaling‐up, reproducibility, and stability).

![a) Left: Experimentally determined energy levels associated with defects in MAPbI~3~ and determined by the different techniques of TAS=thermal admittance spectroscopy, TSC=thermally stimulated current, DLTS=deep‐level transient spectroscopy, and TPC=transient photocapacitance. Right: Experimentally determined energy levels of defects in MAPbI~3~ associated with their defect density. \*TSC measurements provide only activation energies and cannot determine whether these activation energies are referenced to the valence band or conduction band. In the plots, the defect energy values were referenced to the valence band minimum. b) Histogram indicating the number of publication on the experimentally assigned types of defects in perovskites employing passivation strategies. c) Left: During solar‐cell operation multiple factors, such as H~2~O and O~2~ in ambient air, light, heat, and bias voltage can lead to degradation and further generation of defects in perovskites. Right: illustration of the proposed microscopic picture of the different defects that can be generated during degradation of perovskite materials. Note that for this process, the overall charge neutrality should be conserved. Left image was reprinted with permission from Ref. [4](#anie201905521-bib-0004){ref-type="ref"}. Copyright 2016 Springer Nature Publishing AG. Right image was reprinted with permission from Ref. [5](#anie201905521-bib-0005){ref-type="ref"}. Copyright 2018 The Royal Society of Chemistry.](ANIE-59-6676-g004){#anie201905521-fig-0001}

2. Defects in Metal Halide Perovskites {#anie201905521-sec-0002}
======================================

Since the seminal works by Miyasaka et al.[15](#anie201905521-bib-0015){ref-type="ref"} and Park et al.,[16](#anie201905521-bib-0016){ref-type="ref"} perovskites have emerged as a promising class of materials for photovoltaic applications. Highly efficient perovskite solar cells are made from metal halide perovskites with an ABX~3~ three‐dimensional (3D) structure containing an organic/inorganic monovalent cation A^+^ (CH~3~NH~3~ ^+^, CH(NH~2~)~2~ ^+^, or Cs^+^), a divalent metal cation B^2+^ (Pb^2+^ or Sn^2+^), and three halide anions X^−^ (I^−^, Br^−^, or Cl^−^).[15c](#anie201905521-bib-0015c){ref-type="ref"}, [17](#anie201905521-bib-0017){ref-type="ref"} Perovskites can be considered a soft ionic solid with semiconductor properties and a range of ubiquitous behaviors, such as hysteresis, ferroelectricity, ion migration, lattice vibrational properties influencing charge carrier transport.[11c](#anie201905521-bib-0011c){ref-type="ref"}, [18](#anie201905521-bib-0018){ref-type="ref"} Similar to what has been found in inorganic and organic semiconductors, defects play an important role as well in the overall performance of perovskite‐based solar cells. Notably, with simple and low‐cost solution processing (e.g., spin‐coating, blade coating), high PCEs are obtained for perovskite‐based solar cells. This has been explained by a number of proposed models including: 1) the majority of defects formed have shallow defect energy positions within the band gap, 2) low density of deep traps (i.e., energy states close to the middle of the band gap) and/or 3) their low capture cross section (i.e., interaction of traps with charges).[22](#anie201905521-bib-0022){ref-type="ref"} The different categories of defects illustrated in Figure [2](#anie201905521-fig-0002){ref-type="fig"} were previously proposed on the basis of both theoretical[23](#anie201905521-bib-0023){ref-type="ref"} and microscopy‐based experimental reports[11b](#anie201905521-bib-0011b){ref-type="ref"}, [19](#anie201905521-bib-0019){ref-type="ref"}, [24](#anie201905521-bib-0024){ref-type="ref"} (Figure [2](#anie201905521-fig-0002){ref-type="fig"} and Figure [4](#anie201905521-fig-0004){ref-type="fig"} d,e). In perovskites with an ideal crystal structure (Figure [2](#anie201905521-fig-0002){ref-type="fig"} a), each ion is located on its equilibrium site. However, in a real situation, because the crystal growth is fast and often a post‐annealing treatment is required, the formation of a wide variety of structural defects is unavoidable.[11c](#anie201905521-bib-0011c){ref-type="ref"}, [23c](#anie201905521-bib-0023c){ref-type="ref"}, [24b](#anie201905521-bib-0024b){ref-type="ref"}, [25](#anie201905521-bib-0025){ref-type="ref"} These imperfect lattice alignments can be of a short range due to point defects or impurity atoms/ions (Figure [2](#anie201905521-fig-0002){ref-type="fig"} b--d,f or of a long range due to 1D dislocations, 2D grain boundaries, and 3D precipitates (Figure [2](#anie201905521-fig-0002){ref-type="fig"} b,e,g.[11c](#anie201905521-bib-0011c){ref-type="ref"}, [20](#anie201905521-bib-0020){ref-type="ref"}, [21](#anie201905521-bib-0021){ref-type="ref"}, [23c](#anie201905521-bib-0023c){ref-type="ref"}, [24a](#anie201905521-bib-0024a){ref-type="ref"}, [26](#anie201905521-bib-0026){ref-type="ref"} The generation of defects may take place not only during the perovskite synthesis processes, but also during the perovskite solar cell operation. For example, methylammonium lead iodide (MAPbI~3~) undergoes photodecomposition and thermal degradation during solar cell operation.[5](#anie201905521-bib-0005){ref-type="ref"}, [27](#anie201905521-bib-0027){ref-type="ref"} Two reaction pathways were identified for these degradation processes (Figure [1](#anie201905521-fig-0001){ref-type="fig"} c). One leads to the irreversible decomposition of organic volatile gas species (CH~3~I+NH~3~), and the other to reversible decomposition (CH~3~NH~2~+HI). The CH~3~NH~2~+HI decomposition pathway is reversible because it can back react with PbI~2~. The complete depletion of volatile organic components leads to a layer of PbI~2~ on the perovskite film. Further decomposition of PbI~2~ proceeds with reversible generation of I~2~ and non‐volatile metallic‐Pb (Pb^0^) under illumination or mild heating conditions (Figure [1](#anie201905521-fig-0001){ref-type="fig"} c). Several X‐ray photoelectron spectroscopy (XPS) studies report the existence of Pb^0^.[32](#anie201905521-bib-0032){ref-type="ref"} Very likely these Pb^0^ species exist at the surface or grain boundaries of perovskites, possibly as a core--shell structured cluster.[33](#anie201905521-bib-0033){ref-type="ref"} However, further studies are needed to provide more insights on the microscopic picture of how and where Pb^0^ is located in the degraded perovskites. For example, as shown in Figure [3](#anie201905521-fig-0003){ref-type="fig"} a,b, the possibility to form interstitial‐Pb (Pb~i~) was proposed, Pb~i~ would co‐exist in the perovskite lattice and severely degrade device performance.[34](#anie201905521-bib-0034){ref-type="ref"} The other important type of defect is I~2~. During degradation, I^−^ can be released from its lattice because I^−^ can be easily oxidized to I^0^ (e.g., I~2~ in Figure [1](#anie201905521-fig-0001){ref-type="fig"} b,c).[5](#anie201905521-bib-0005){ref-type="ref"} The generated I~2~ can further adsorb onto the surface or grain boundaries of perovskites leading to another type of defect center.[34a](#anie201905521-bib-0034a){ref-type="ref"}, [34b](#anie201905521-bib-0034b){ref-type="ref"} In addition, it was further reported that I~2~ vapor treatment may promote degradation in perovskite materials leading to increase in the density of defects.[4](#anie201905521-bib-0004){ref-type="ref"}, [35](#anie201905521-bib-0035){ref-type="ref"}

![Illustration of a) stoichiometric crystal structure (or perfect lattice structure) of a semiconductor without defects and b) after defects are generated, for example, during crystal growth and/or post‐treatment processes. c)--e) The microscopic configurations for these types of defects in a perovskite crystal lattice. Panels (a)--(e) were reprinted with permission from Ref. [11c](#anie201905521-bib-0011c){ref-type="ref"}. Copyright 2018 The Royal Society of Chemistry. f) Point/cluster defects and dislocations visualized by STM in MAPbBr~3~ crystal (9.2×10.3 nm^2^). Reprinted with permission from Ref. [19](#anie201905521-bib-0019){ref-type="ref"}. Copyright 2015 American Chemical Society. g) Top: Cross‐sectional TEM image of a planar MAPbI~3~ polycrystalline film and, bottom: high‐resolution TEM inside a grain. Apparent sub‐grain features are indicated by yellow dashed lines. Top: Reprinted with permission from Ref. [20](#anie201905521-bib-0020){ref-type="ref"}. Copyright 2015 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. Bottom: Reprinted with permission from Ref. [21](#anie201905521-bib-0021){ref-type="ref"}. Copyright 2015 The Royal Society of Chemistry. Note: top and bottom images in (g) are not from the same sample.](ANIE-59-6676-g005){#anie201905521-fig-0002}

![a) Calculated energy states of point defects in MAPbI~3~. The formation energies of neutral defects are shown in parenthesis. The acceptor (red) and donor (blue) type defects are ordered by the formation energies. Reprinted with permission from Ref. [28](#anie201905521-bib-0028){ref-type="ref"}. Copyright 2014 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. b) Illustration of point defects in perovskites, including vacancies, interstitial and anti‐site atoms, in order of increasing formation energy that corresponds to decreasing probability of occurrence. Reprinted with permission from Ref. [18b](#anie201905521-bib-0018b){ref-type="ref"}. Copyright 2018 Springer Nature Publishing AG. c) Schematic illustration of electronic structures that are defect‐tolerant (e.g., MAPbI~3~) and defect‐intolerant (e.g., CdSe, GaAs, and InP). Reprinted with permission from Ref. [29](#anie201905521-bib-0029){ref-type="ref"}. Copyright 2017 American Chemical Society. d) Schematic illustration showing how a high density of shallow trap states in perovskites and/or e) energy disorder (e.g., induced by structural disordered PCBM layer) influence the device *V* ~oc~: A wide distribution of traps reduces the quasi‐Fermi level of photogenerated electrons and holes (*E* ~Fn~, *E* ~Fp~) and thus reduce device *V* ~oc~. Panel (d) was reprinted with permission from Ref. [30](#anie201905521-bib-0030){ref-type="ref"}. Copyright 2017 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. Panel (e) was reprinted with permission from Ref. [31](#anie201905521-bib-0031){ref-type="ref"}. Copyright 2016 Springer Nature Publishing AG.](ANIE-59-6676-g006){#anie201905521-fig-0003}

Point defects in MAPbI~3~ were intensively studied in the past as a model material system. As comparison, theoretical sub‐gap energy levels generated in formamidinium lead iodide (FAPbI~3~),[36](#anie201905521-bib-0036){ref-type="ref"} CsPbI~3~,[37](#anie201905521-bib-0037){ref-type="ref"} CsPbBr~3~ [38](#anie201905521-bib-0038){ref-type="ref"} were also reported. On the basis of theoretical calculations by Yan and co‐workers 12 point defects are described for MAPbI~3~: vacancies: MA (V~MA~), Pb (V~Pb~), and I (V~I~); interstitials: MA (MA~i~), Pb (Pb~i~), and I (I~i~); anti‐site occupations: MA~Pb~, MA~I~, Pb~MA~, Pb~I~, I~MA~, and I~Pb~ (Figure [3](#anie201905521-fig-0003){ref-type="fig"} a).[23a](#anie201905521-bib-0023a){ref-type="ref"}, [28](#anie201905521-bib-0028){ref-type="ref"} The theoretical predictions of defects that contribute as deep level states include I~Pb~, I~MA~, Pb~i~, Pb~I~, and Pb~MA~.[11c](#anie201905521-bib-0011c){ref-type="ref"}, [23c](#anie201905521-bib-0023c){ref-type="ref"}, [39](#anie201905521-bib-0039){ref-type="ref"} However, these defects have high formation energies suggesting that they should not contribute to a high density of non‐radiative recombination centers (Figure [3](#anie201905521-fig-0003){ref-type="fig"} b).[18b](#anie201905521-bib-0018b){ref-type="ref"}, [23a](#anie201905521-bib-0023a){ref-type="ref"}, [28](#anie201905521-bib-0028){ref-type="ref"} The defects leading to shallow or intra‐band states (within VB and/or CB) have low formation energies, leading to high densities but are considered benign types of defect (Figure [3](#anie201905521-fig-0003){ref-type="fig"} b,c). This is the most important feature of the so‐called defect‐tolerance in perovskites. The theoretical differences between the effects of point defects on the electronic properties of conventional defect‐intolerant semiconductors, such as CdSe and GaAs, were previously described (Figure [3](#anie201905521-fig-0003){ref-type="fig"} c).[18b](#anie201905521-bib-0018b){ref-type="ref"}, [29](#anie201905521-bib-0029){ref-type="ref"}, [40](#anie201905521-bib-0040){ref-type="ref"} It is important to highlight that although shallow traps within the band gap lead to low occurrences of recombination processes, they lower the open‐circuit voltage (*V* ~oc~).[41](#anie201905521-bib-0041){ref-type="ref"} *V* ~oc~ in a solar cell is determined by the quasi‐Fermi splitting of electrons and holes (*E* ~Fn~, *E* ~Fp~) under illumination. For instance, the *E* ~Fn~ and *E* ~Fp~ levels within the band gap are also affected by the occupation of the available electronic states by the photogenerated charge carriers, not only in the perovskite layer, but also in the adjacent selective contacts (Figure [3](#anie201905521-fig-0003){ref-type="fig"} d,e).[30](#anie201905521-bib-0030){ref-type="ref"}, [31](#anie201905521-bib-0031){ref-type="ref"}, [42](#anie201905521-bib-0042){ref-type="ref"} Consider an initial scenario where the electron quasi‐Fermi level of TiO~2~, a commonly employed electron‐transport layer (ETL) in perovskite solar cells, is aligned with the electron quasi‐Fermi level of perovskite that has a low density of defects. In semiconductor materials, the shifting and pinning of the Fermi‐level is a common phenomenon that is influenced by the defect density. Therefore, in the second scenario, where a particular perovskite has a high density of shallow traps at an energy of *E* ~T~ below CB, the electron quasi‐Fermi level of TiO~2~ layer will be pinned to near this defect state *E* ~T~. Similarly, if a high density of shallow traps is present near the VB, the hole quasi‐Fermi level of hole transporting layer (HTL) will also be pinned to the trap state energy. As a consequence, *V* ~oc~, which is given by the difference between the electron and hole quasi‐Fermi levels under illumination, will decrease in solar cells with perovskite materials with a high density of shallow traps. In the presence of shallow traps a new quasi‐Fermi level pinning will take place dictating the energy level alignments at the ETL/perovskite/HTL interfaces.[30](#anie201905521-bib-0030){ref-type="ref"}, [31](#anie201905521-bib-0031){ref-type="ref"}, [42](#anie201905521-bib-0042){ref-type="ref"} Therefore, shallow traps near the CB and VB with a narrow distributed density of states (DOS) is desirable to raise the quasi‐Fermi level (*E* ~Fn~) of photogenerated electrons and minimize *V* ~oc~ losses (Δ*V* ~oc~).

A summary of attempts to verify experimentally the theoretical predictions (Figure [3](#anie201905521-fig-0003){ref-type="fig"} a) of trap state energy levels and trap densities in perovskites are shown in Table S1 and depicted in Figure [1](#anie201905521-fig-0001){ref-type="fig"} a (for the MAPbI~3~ case). Several techniques previously developed to understand the features of defects (energy levels and densities) in inorganic semiconductors were applied also in perovskites.[11c](#anie201905521-bib-0011c){ref-type="ref"}, [43](#anie201905521-bib-0043){ref-type="ref"} These techniques include temperature‐dependent charge space limited current (SCLC), thermal admittance spectroscopy (TAS), deep‐level transient spectroscopy (DLTS), Laplace current DLTS (I‐DLTS), steady‐state photoluminescence (SSPL), time‐resolved photoluminescence (TRPL), PL mapping,[44](#anie201905521-bib-0044){ref-type="ref"} time‐resolved microwave conductivity (TRMC), thermally stimulated current (TSC), capacitance‐frequency at different temperatures (C‐f), transient photocapacitance (TPC), surface photovoltage (SPV) spectroscopy,[45](#anie201905521-bib-0045){ref-type="ref"} time‐resolved spectroscopies such as transient absorption and reflection techniques,[46](#anie201905521-bib-0046){ref-type="ref"} ultraviolet photoemission spectroscopy (UPS),[42b](#anie201905521-bib-0042b){ref-type="ref"}, [47](#anie201905521-bib-0047){ref-type="ref"} scanning tunneling microscopy (STM).[19](#anie201905521-bib-0019){ref-type="ref"}, [25d](#anie201905521-bib-0025d){ref-type="ref"}, [48](#anie201905521-bib-0048){ref-type="ref"} Comprehensive Reviews describing the working principles of techniques above and summarizing advantages and disadvantages can be found in Refs. [11c](#anie201905521-bib-0011c){ref-type="ref"}, [43](#anie201905521-bib-0043){ref-type="ref"}. On the basis of Table S1, it is noticed that 1) all the techniques above provide an ensemble averaged signal over the delimited electrode size or spot size of excitation probing light beam; 2) there is a strong influence from the measurement environmental conditions; 3) none of the techniques can provide the experimental assignment of a defect energy to a certain type of defect. Regarding (1), surface and bulk defects show different properties (Figure [4](#anie201905521-fig-0004){ref-type="fig"} a) and the instrument measurement properties (e.g., surface and/or bulk trap states, sensitivity, probing depth) need be considered.[49](#anie201905521-bib-0049){ref-type="ref"} Furthermore, in addition to single defects, larger and complex defect types, such as dislocations, grain boundaries, and cluster precipitates (Figure [2](#anie201905521-fig-0002){ref-type="fig"} e,g) are expected to be generated during the different fabrication conditions (e.g., precursor ratios and concentrations, solvents, impurities, environment, temperature).[50](#anie201905521-bib-0050){ref-type="ref"} Although the number of experimental observations is still scarce, sub‐grain twinning domains in perovskites have been recently reported.[11b](#anie201905521-bib-0011b){ref-type="ref"}, [24c](#anie201905521-bib-0024c){ref-type="ref"}--[24f](#anie201905521-bib-0024f){ref-type="ref"} On the basis of high‐resolution transmission electron microscopy (HR‐TEM), Kim et al.[11b](#anie201905521-bib-0011b){ref-type="ref"} revealed that the tetragonal and cubic phases co‐exist at room temperature (RT) in MAPbI~3~ films. Triple (tetragonal/cubic/tetragonal) and double (tetragonal/cubic) layers of stacking sequences are formed spontaneously. As a consequence, the microstructural domain‐walls within the stacking layers were suggested to influence charge carrier transport properties.[11b](#anie201905521-bib-0011b){ref-type="ref"}, [40](#anie201905521-bib-0040){ref-type="ref"}, [51](#anie201905521-bib-0051){ref-type="ref"} Therefore, it is imperative to carefully examine the relationship between microscopic structural information and their corresponding energy levels.[19](#anie201905521-bib-0019){ref-type="ref"}, [24b](#anie201905521-bib-0024b){ref-type="ref"}, [25d](#anie201905521-bib-0025d){ref-type="ref"}, [48b](#anie201905521-bib-0048b){ref-type="ref"}, [48c](#anie201905521-bib-0048c){ref-type="ref"}, [48e](#anie201905521-bib-0048e){ref-type="ref"}, [48f](#anie201905521-bib-0048f){ref-type="ref"}

![a) highlighting the importance of different optical and electronic properties at the surface compared to the bulk of perovskite crystals. Reprinted with permission from Ref. [49a](#anie201905521-bib-0049a){ref-type="ref"}. Copyright 2017 American Chemical Society. b) Density of trap states of MAPbI~3~ single crystals within the band gap extracted from the temperature dependent SCLC technique. Reprinted with permission from Ref. [43d](#anie201905521-bib-0043d){ref-type="ref"}. Copyright 2016 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. c) UPS with *hν*=21.22 eV on in situ cleaved MAPbBr~3~ single‐crystal surface (left) and semi‐log plot under 1.5 mW (green line) and 4.5 mW (red line) white illumination. Reprinted with permission from Ref. [47b](#anie201905521-bib-0047b){ref-type="ref"}. Copyright 2017 Springer Nature Publishing AG. d),e) High‐resolution STM images acquired on vacuum co‐deposited MAPbI~3~ polycrystalline films with a coverage of 4.5 ML (ML=monolayer) showing grain‐boundaries (d) and defects as dark protrusions (e) (19×19 nm^2^, 6.9×6.9 nm^2^; *V=*1.5 V, 1.2 V; I=150 pA, 100 pA). Reprinted with permission from Ref. [48f](#anie201905521-bib-0048f){ref-type="ref"}. Copyright 2017, Elsevier Ltd.](ANIE-59-6676-g007){#anie201905521-fig-0004}

Point (2) relates to the sample measurement conditions (i.e., physisorption and/or chemisorption of gases such as O~2~ and H~2~O, temperature, light intensity), which has been evidenced to show significant influences on the characterization of defects.[43a](#anie201905521-bib-0043a){ref-type="ref"}, [49b](#anie201905521-bib-0049b){ref-type="ref"}, [52](#anie201905521-bib-0052){ref-type="ref"} For example, Gordillo et al.[43a](#anie201905521-bib-0043a){ref-type="ref"} employed the TSC technique to probe the influences of oxygen adsorption on the energy levels of traps and the density of trap centers. Analysis of TSC curves obtained from measurements performed inside a vacuum chamber under different oxygen partial pressures, revealed the presence of trap centers whose activation energies are affected by the oxygen concentration. Similar studies show that not only O~2~, but also H~2~O and CH~3~I vapors have influences on optoelectronic properties of perovskites.[49b](#anie201905521-bib-0049b){ref-type="ref"}, [53](#anie201905521-bib-0053){ref-type="ref"} Furthermore, a deep understanding of working principles for these advanced analytical tools as well as the expertise to carry out related data analysis and interpretation are vital for obtaining reliable data and accurate interpretation, which could be the reason that only a few groups utilized these advanced analytical tools in perovskite research and relatively little data exists in some cases. For example, one needs to understand various types of unintentional artefacts caused by the probing (excitation) sources in analytical tools (e.g., ToF‐SIMS or XPS) and devise proper procedures to minimize these artefacts to obtain reliable data.

Regarding Point (3), the ensemble average measurements do provide the overall averaged energy levels and densities of trap centers. For example, SCLC has been widely employed for the determination of trap densities in MAPbI~3~,[43d](#anie201905521-bib-0043d){ref-type="ref"}, [54](#anie201905521-bib-0054){ref-type="ref"} MAPbBr~3~,[54a](#anie201905521-bib-0054a){ref-type="ref"}--[54c](#anie201905521-bib-0054c){ref-type="ref"} FAPbI~3~,[54e](#anie201905521-bib-0054e){ref-type="ref"}, [55](#anie201905521-bib-0055){ref-type="ref"} and FAPbBr~3~ [55c](#anie201905521-bib-0055c){ref-type="ref"} crystals.[11c](#anie201905521-bib-0011c){ref-type="ref"} Values for defect densities range from 10^9^ to 10^10^ cm^−3^ for solution‐grown perovskite crystals; the employment of the temperature dependent SCLC technique allows the determination of trap energy levels (Figure [4](#anie201905521-fig-0004){ref-type="fig"} b).[43d](#anie201905521-bib-0043d){ref-type="ref"} For comparison, polycrystalline MAPbI~3~ thin films have shown a larger density of defects on the order of 10^16^ cm^−3^.[11c](#anie201905521-bib-0011c){ref-type="ref"}, [24b](#anie201905521-bib-0024b){ref-type="ref"} TAS and DLTS provide the energy level positions of defects within the band gap as well as trap densities. In several studies employing TAS, it is proposed that perovskites have a p‐type semiconductor nature.[56](#anie201905521-bib-0056){ref-type="ref"} In this scenario, it has been shown that the defect activation energy corresponds approximately to the depth of defect state energy level relative to the VB of the perovskite.[56](#anie201905521-bib-0056){ref-type="ref"} All these techniques have the major limitation that they are not able to visualize in real space or provide direct assignments of defect types.[19](#anie201905521-bib-0019){ref-type="ref"}, [24b](#anie201905521-bib-0024b){ref-type="ref"}, [25d](#anie201905521-bib-0025d){ref-type="ref"}, [48b](#anie201905521-bib-0048b){ref-type="ref"}, [48c](#anie201905521-bib-0048c){ref-type="ref"}, [48e](#anie201905521-bib-0048e){ref-type="ref"}, [48f](#anie201905521-bib-0048f){ref-type="ref"} In this sense, photoelectron spectroscopy combining UPS and XPS may be a viable way to determine the defect energy levels and densities as well as the nature of defects (Figure [4](#anie201905521-fig-0004){ref-type="fig"} c).[12](#anie201905521-bib-0012){ref-type="ref"}, [47a](#anie201905521-bib-0047a){ref-type="ref"}, [57](#anie201905521-bib-0057){ref-type="ref"} For example, Zu et al.[42a](#anie201905521-bib-0042a){ref-type="ref"}, [42b](#anie201905521-bib-0042b){ref-type="ref"} employed UPS/XPS to probe the surface trap states in MAPbI~3−*x*~Cl~*x*~ perovskites and reported that they consisted mainly of elemental (reduced) lead (Pb^0^). These Pb^0^ defects act as donor levels pinning the Fermi level at the surfaces of perovskites leading to n‐type semiconductor character. The presence of uncoordinated Pb sites in perovskites have been confirmed by others.[5](#anie201905521-bib-0005){ref-type="ref"}, [32b](#anie201905521-bib-0032b){ref-type="ref"} Although UPS/XPS were demonstrated as effective tools to probe and characterize defects, they cannot provide vital real space visualization of the features, and therefore cannot relate the observation of energetic features in UPS/XPS spectra to their microscopic origins (see for example Figure [4](#anie201905521-fig-0004){ref-type="fig"} c). It is likely that local properties on a much smaller scale, at the micrometer or even nanometer scale, are the key to settling many existing controversial issues in perovskite materials and solar cells.[19](#anie201905521-bib-0019){ref-type="ref"}, [24b](#anie201905521-bib-0024b){ref-type="ref"}, [25d](#anie201905521-bib-0025d){ref-type="ref"} Since 2014, scanning tunneling microscopy and spectroscopy (STM/STS) have been used to investigate and correlate the structural and electronic properties at the atomic level.[19](#anie201905521-bib-0019){ref-type="ref"}, [25d](#anie201905521-bib-0025d){ref-type="ref"}, [48a](#anie201905521-bib-0048a){ref-type="ref"}, [48b](#anie201905521-bib-0048b){ref-type="ref"}, [58](#anie201905521-bib-0058){ref-type="ref"} STM and STS can be used to visualize in real space defects at the atomic level and characterize their electronic properties on the perovskite surfaces (Figure [2](#anie201905521-fig-0002){ref-type="fig"} f and Figure [4](#anie201905521-fig-0004){ref-type="fig"} d,e). There has been substantial progress in investigating intensively the real‐space visualization of atomic structures and electronic properties of non‐stoichiometric (i.e., defects) in perovskite surfaces by STM/STS.[19](#anie201905521-bib-0019){ref-type="ref"}, [24b](#anie201905521-bib-0024b){ref-type="ref"}, [25d](#anie201905521-bib-0025d){ref-type="ref"}, [48b](#anie201905521-bib-0048b){ref-type="ref"}, [48c](#anie201905521-bib-0048c){ref-type="ref"}, [48e](#anie201905521-bib-0048e){ref-type="ref"}, [48f](#anie201905521-bib-0048f){ref-type="ref"} On the basis of DFT calculations,[48a](#anie201905521-bib-0048a){ref-type="ref"} the dark protrusions observed in Figure [2](#anie201905521-fig-0002){ref-type="fig"} f were tentatively assigned to Br and/or Br‐MA vacancies, which however need to be confirmed with further studies.[19](#anie201905521-bib-0019){ref-type="ref"}, [24b](#anie201905521-bib-0024b){ref-type="ref"}, [25d](#anie201905521-bib-0025d){ref-type="ref"} She et al.[48c](#anie201905521-bib-0048c){ref-type="ref"}, [48f](#anie201905521-bib-0048f){ref-type="ref"} and Cai et al.[48g](#anie201905521-bib-0048g){ref-type="ref"} provided the STM images on vacuum co‐evaporated MAPbI~3~ polycrystalline films (Figure [4](#anie201905521-fig-0004){ref-type="fig"} d,e) in which similar dark protrusions were observed most likely corresponding to the I and/or I‐MA vacancies.[48a](#anie201905521-bib-0048a){ref-type="ref"}

In this Section, we have provided a comprehensive summary (Table S1 and Figure [1](#anie201905521-fig-0001){ref-type="fig"} a) of the experimental efforts to characterize and determine the energy level of trap states induced by crystal defects as well as their respective trap densities. These trap states energy levels and their densities affect the Fermi level, which leads to p‐ or n‐type semiconductor behaviors with technological implications. These defect states are also responsible for carrier trapping and non‐radiative recombination dynamics hindering efficient solar cell operation. Despite the scarce number of studies to characterize defects (Table S1 and Figure [1](#anie201905521-fig-0001){ref-type="fig"} a), it is worth noting that a high density of defects ranging from 10^15^ cm^−3^ to 10^17^ cm^−3^ are reported (Figure [1](#anie201905521-fig-0001){ref-type="fig"} a). These defects penetrate relatively deep within the band gap and sufficiently far away from the VB or CB mobility edges (*E* ~T~≫≈25 meV).[56b](#anie201905521-bib-0056b){ref-type="ref"} Figure [1](#anie201905521-fig-0001){ref-type="fig"} a shows the energy levels of trap states and respective trap densities based on the reported studies employing multiple techniques (TAS, DLTS, TSC, TPC). However, the experimental determination of the type and microscopic nature of defects is currently a particular challenging task for perovskite materials, which is in sharp contrast to the well‐established understanding about various types of defects in silicon.[59](#anie201905521-bib-0059){ref-type="ref"} In the next Section, we aim at analyzing whether it is possible to identify the type of defects based on their coordination chemistry as explored by using the passivation strategy.

3. Defect Passivation in Metal Halide Perovskites {#anie201905521-sec-0003}
=================================================

In Si‐technology, passivation of dangling bonds is often achieved by the formation of Si−H, Si−N, and Si−O, covalent bonds. In particular, H‐passivation in Si can diffuse into bulk and heal bulk shallow traps.[60](#anie201905521-bib-0060){ref-type="ref"}

Similarly, several strategies of surface passivation have been proposed for thin‐film solar cell technologies of CIGS and CdTe that resulted in enhancements in their performance.[13a](#anie201905521-bib-0013a){ref-type="ref"}, [61](#anie201905521-bib-0061){ref-type="ref"} On the basis of such knowledge, several passivation chemistry strategies were also proposed in perovskite materials. The ionic nature of perovskites requires different defect passivation strategies from covalent‐bonding semiconductors because the defects in perovskites are charged, either positively (e.g., a halide ion vacancy leading to under‐coordinated Pb^2+^) or negatively (e.g., a MA^+^ cation vacancy and PbI~3~ ^−^ anti‐site defect); however, the overall charge neutrality should be conserved.[62](#anie201905521-bib-0062){ref-type="ref"} Several comprehensive Review articles summarize recent progress on this topic.[11c](#anie201905521-bib-0011c){ref-type="ref"}, [43c](#anie201905521-bib-0043c){ref-type="ref"}, [63](#anie201905521-bib-0063){ref-type="ref"} In this Section, on the basis of reported work on strategic coordination chemistry used to reduce the density of defects in perovskites, we aim at analyzing the rationale of the various physico‐chemical (e.g., passivation by Lewis base and Lewis acid molecules) approaches. In the previous Section, we surveyed the literature on experimentally characterizing the defects in perovskites (Figure [1](#anie201905521-fig-0001){ref-type="fig"} a and Table S1), and pointed out that although the analytical tools employed in all these studies provide quantitative analyses of energy levels of trap states and respective trap densities, usually they are not able to experimentally determine the microscopic origin of these defects. In some cases, such assignments are attempted on the basis of a comparison between experimental data with theoretical calculations. In this Section, we focus on this central question, that is, how the different types of defects in perovskites can be experimentally probed by devising proper passivation strategies. Often analytical tools, such as Fourier transform infrared (FTIR), XPS, time‐of‐flight secondary ion mass spectrometry (TOF‐SIMS), Raman, and energy‐dispersive X‐ray (EDX) spectroscopy, are employed to study the coordination chemistry between the passivating molecule and defects in perovskites. As summarized in Table S2, several small‐molecules have been demonstrated to passivate effectively defects present at the grain boundaries and on the surface of perovskite films. Two approaches of post‐passivation treatment and additives added in the perovskite precursor solution were proposed as defect engineering approaches.[43c](#anie201905521-bib-0043c){ref-type="ref"}, [63a](#anie201905521-bib-0063a){ref-type="ref"} On the basis of Table S2 and Figure [1](#anie201905521-fig-0001){ref-type="fig"} b, a central discussion of the types of defects and their passivation strategies are focused on the 1) halide vacancies (e.g., Cl^−^, Br^−^, I^−^) leading to exposure of under‐coordinated positively charged Pb^2+^ atoms,[63d](#anie201905521-bib-0063d){ref-type="ref"}, [64](#anie201905521-bib-0064){ref-type="ref"}, [66](#anie201905521-bib-0066){ref-type="ref"} 2) negatively charged Pb‐I anti‐sites (PbI~3~ ^−^) or halide‐excess,[65](#anie201905521-bib-0065){ref-type="ref"}, [67](#anie201905521-bib-0067){ref-type="ref"} 3) cation vacancies (e.g., Cs^+^, MA^+^), 4) metallic lead (Pb^0^) surface terminated,[5](#anie201905521-bib-0005){ref-type="ref"}, [32a](#anie201905521-bib-0032a){ref-type="ref"}, [34a](#anie201905521-bib-0034a){ref-type="ref"}, [68](#anie201905521-bib-0068){ref-type="ref"} 5) mobile or volatile I^−^ anion and MA^+^ cations,[5](#anie201905521-bib-0005){ref-type="ref"}, [65](#anie201905521-bib-0065){ref-type="ref"}, [69](#anie201905521-bib-0069){ref-type="ref"} and 6) I^0^ (I~2~) defects.[4](#anie201905521-bib-0004){ref-type="ref"}, [5](#anie201905521-bib-0005){ref-type="ref"}, [34a](#anie201905521-bib-0034a){ref-type="ref"}

The surface under‐coordinated Pb^2+^ (Figure [1](#anie201905521-fig-0001){ref-type="fig"} b and Figure [5](#anie201905521-fig-0005){ref-type="fig"} a--c) is the main source of trap states and several chemicals have been proposed to heal this particular type of defect. A selection of organic molecules containing Lewis base functional groups, such as pyridine,[64](#anie201905521-bib-0064){ref-type="ref"}, [70](#anie201905521-bib-0070){ref-type="ref"} thiophene,[64](#anie201905521-bib-0064){ref-type="ref"} thiourea,[71](#anie201905521-bib-0071){ref-type="ref"} 6,6,12,12‐tetrakis(4‐hex‐ylphenyl)‐indacenobis(dithieno\[3,2‐b;2,3‐d\]thiophene) end‐capped with 1,1‐dicyanomethylene‐3‐indanone units with 0 to 2 fluorine substituents (INIC),[72](#anie201905521-bib-0072){ref-type="ref"} perylene diimide and dithienothiophene (PPDIDTT),[73](#anie201905521-bib-0073){ref-type="ref"} benzodithiophene and diketopyrrolopyrrole with linear alkylthio substituents (BDTS‐2DPP),[74](#anie201905521-bib-0074){ref-type="ref"} 1,3,4‐thiadiazolidine‐2,5‐dithione (TDZDT),[75](#anie201905521-bib-0075){ref-type="ref"} organic semiconducting non‐fullerene acceptor molecule named IT‐M,[76](#anie201905521-bib-0076){ref-type="ref"} 3,9‐bis(2‐meth‐ ylene‐(3‐(1,1‐dicyanomethylene)‐indanone))‐5,5,11,11‐tetrakis(5‐hexylthienyl)‐dithieno\[2,3‐d:2′,3′‐d′\]‐s‐indaceno\[1,2‐b:5,6‐b′\] dithiophene (ITIC‐Th),[77](#anie201905521-bib-0077){ref-type="ref"} 2‐(6‐bromo‐1,3‐dioxo‐1H‐benzo\[de\]isoquinolin‐2(3H)‐yl)ethan‐1‐ammonium iodide (2‐NAM),[78](#anie201905521-bib-0078){ref-type="ref"} and others[79](#anie201905521-bib-0079){ref-type="ref"} were employed. Lewis base can coordinate with Pb^2+^ through lone pair electrons neutralizing its positive charge leading to subsequent annihilation of electronic trap states. These passivation treatments often result in significant enhancement in photoluminescence quantum yield (PLQY) and longer‐lived excited charge carrier lifetime in perovskites often interpreted as decrease of non‐radiative recombination centers. In addition, a blue shift in the PL peak after the perovskite passivation is indicative of suppressed radiative recombination between charge traps.[76](#anie201905521-bib-0076){ref-type="ref"}

![a) Schematic illustration showing the halide vacancy exposing the underlying under‐coordinated Pb^2+^ that has the soft Lewis acid nature. The under‐coordinated Pb^2+^ acts also as electron traps deteriorating charge transport efficiency. Thiophene (or pyridine) molecules coordinate with Pb^2+^ by donating electron density, neutralizing the excess positive charge. Reprinted with permission from Ref. [64](#anie201905521-bib-0064){ref-type="ref"}. Copyright 2014 American Chemical Society. b) Schematic illustration of [d]{.smallcaps}‐4‐*tert*‐butylphenylalanin (D4TBP) mediated MAPbI~3~ perovskite defect passivation and halide anchoring at grain boundaries and film surfaces. Reprinted with permission from Ref. [62b](#anie201905521-bib-0062b){ref-type="ref"}. Copyright 2019 American Chemical Society. c) Schematic illustration of Cs and halide vacancies surface terminated by CsX (X=Cl^−^, Br^−^, I^−^) confirmed by experimental results employing passivation strategy. Halide vacancies lead to under‐coordinated Pb^2+^, which can be either left unpassivated or passivated, depending on the hardness or softness of the Lewis base that coordinates with Pb^2+^ site. Reprinted with permission from Ref. [63d](#anie201905521-bib-0063d){ref-type="ref"}. Copyright 2018 American Chemical Society. d) The Lewis acid passivation strategy for the under‐coordinated iodide? ions at the perovskite surface using iodopentafluorobenzene (IPFB) by the supramolecular halogen bond complexation. Reprinted with permission from Ref. [65](#anie201905521-bib-0065){ref-type="ref"}. Copyright 2014 American Chemical Society.](ANIE-59-6676-g008){#anie201905521-fig-0005}

Nenon et al.[63d](#anie201905521-bib-0063d){ref-type="ref"} proposed that because the under‐coordinated Pb^2+^ shows relatively a soft Lewis acid nature, the hardness or softness of the Lewis base of passivating molecules plays a role in efficacy of passivation (Figure [5](#anie201905521-fig-0005){ref-type="fig"} a--c). Passivating molecules with harder species (e.g., alkylcarboxylates, carbonates, and nitrates) are ineffective passivating ligands, while softer species (e.g., alkylphosphonates, fluorinated carboxylates, and sulfonates) were found to be effective in passivating under‐coordinated Pb^2+^.[63d](#anie201905521-bib-0063d){ref-type="ref"} Although the reported passivating molecules are effective in suppressing the surface dominated charge traps, the chemical stability of these molecules is an important consideration. It is desirable that the passivating molecules are strongly anchored to the defect sites in perovskites. However, it has been reported that some passivating molecules can be removed by subsequent washing with common solvent (e.g., isopropanol,[83](#anie201905521-bib-0083){ref-type="ref"} chlorobenzene[84](#anie201905521-bib-0084){ref-type="ref"}). Zhang et al.[84](#anie201905521-bib-0084){ref-type="ref"} showed that the use of 2‐mercaptopyridine (2‐MP), a bidentate molecule, increases anchoring strength improving passivation efficacy and stability simultaneously. Compared to monodentate counterparts of pyridine and *p*‐toluenethiol where the coordination with Pb^2+^ can be easily broken because of low binding strength, the passivation by 2‐MP on CH~3~NH~3~PbI~3~ films led to enhanced tolerance to chlorobenzene washing and vacuum heating.[84](#anie201905521-bib-0084){ref-type="ref"}

Another category of defects discussed in literature are associated with the negatively charged Pb‐I anti‐sites (PbI~3~ ^−^) and under‐coordinated halide ions (Figure [5](#anie201905521-fig-0005){ref-type="fig"} d). Lewis acids, such as phenyl‐C61‐butyric acid methyl ester (PCBM),[67](#anie201905521-bib-0067){ref-type="ref"}, [85](#anie201905521-bib-0085){ref-type="ref"} A~10~C~60~,[86](#anie201905521-bib-0086){ref-type="ref"} iodopentafluorobenzene (IPFB),[65](#anie201905521-bib-0065){ref-type="ref"} KI,[87](#anie201905521-bib-0087){ref-type="ref"} ZnCl~2~,[88](#anie201905521-bib-0088){ref-type="ref"} were proposed to effectively passivate these sites. The coordination chemistry is based on the acid--base theory and it was proposed that the negatively charged PbI~3~ ^−^ anti‐sites and under‐coordinated halide ions donate electrons to Lewis acids leading to passivation. So far, most of these passivation molecules can only passivate one type of defect. Recently, it has been pointed out that the charge neutrality consideration is important when considering the passivation of charged defects in perovskites.[62a](#anie201905521-bib-0062a){ref-type="ref"}, [66](#anie201905521-bib-0066){ref-type="ref"} A trend in the passivation strategy exists based on employing passivating molecules with the dual function of Lewis base and Lewis acid or two additives leading to synergistic effects of passivating both type of positively and negatively charged defects simultaneously (Figure [5](#anie201905521-fig-0005){ref-type="fig"} b,c).[56b](#anie201905521-bib-0056b){ref-type="ref"}, [62](#anie201905521-bib-0062){ref-type="ref"}, [66](#anie201905521-bib-0066){ref-type="ref"}, [69a](#anie201905521-bib-0069a){ref-type="ref"}, [80](#anie201905521-bib-0080){ref-type="ref"}, [89](#anie201905521-bib-0089){ref-type="ref"} Zheng et al.[66](#anie201905521-bib-0066){ref-type="ref"} introduced a sulfonic zwitterion, 3‐(decyldimethylammonio)‐propane‐sulfonate inner salt (DPSI), which contains both a positively charged quaternary ammonium group and a negatively charged sulfonic group. On the basis of FTIR spectroscopy, the coordination of sulfonic group (S=O) of DPSI to MAPbI~3~ by the donation of their lone unpaired electron to the empty orbitals of Pb^2+^ was proposed. Alternatively, Zhang et al.[62c](#anie201905521-bib-0062c){ref-type="ref"} reported on employing bis‐PCBM as the Lewis acid and *N*‐(4‐bromophenyl)thiourea (BrPh‐ThR) as the Lewis base. The combination of these two passivating molecules shows the synergistic effect of passivating both the positively charged under‐coordinated Pb^2+^ and negatively charged PbX~3~ ^−^ anti‐sites defects. Bi et al.[89f](#anie201905521-bib-0089f){ref-type="ref"} described on the multifunctional molecular modulator of 3‐(5‐mercapto‐1*H*‐tetrazol‐1‐yl)benzenaminium iodide, composed of hydrophobic heteroaromatic cores functionalized by ammonium (‐NH~3~ ^+^) and thiol groups (‐SH). On the basis of combined experimental techniques of FTIR, NMR, XPS, and XRD, it was rationalized that 1) the ammonium group effectively coordinates with A^+^ cation vacancy defects, while 2) the thiol group coordinates with under‐coordinated Pb^2+^ defects. Furthermore, 3) the unique tautomeric form of this molecule exposes the additional hydrogen bonds enhancing the interaction with the perovskite surface (via A^+^ cations). 4) The fourth functionality is associated with the enlargement in grain size induced by the thiol groups. The growth of monolithic‐type and/or large perovskite grains in polycrystalline films is a widely employed strategy to reduce detrimental defects.[7a](#anie201905521-bib-0007a){ref-type="ref"}, [54e](#anie201905521-bib-0054e){ref-type="ref"}, [89f](#anie201905521-bib-0089f){ref-type="ref"}, [90](#anie201905521-bib-0090){ref-type="ref"} Although several groups have reported that amino‐functionalized groups are efficient for passivating under‐coordinated PbI~6~ octahedra (Table S2), Xu et al.[91](#anie201905521-bib-0091){ref-type="ref"} demonstrated that the strength of interaction of hydrogen bonds with organic cations (FA^+^ in FAPbI~3~) could decrease the passivation efficiency of amine groups with under‐coordinated Pb^2+^ defects (or V~I~). To demonstrate this effect, two similar amino‐functionalized molecules of 2,2′‐(ethylenedioxy)diethylamine (EDEA) and hexa‐methylenediamine (HMDA) were first investigated, which have an identical length of alkyl chains; the difference is that EDEA has two additional O atoms within the chain (Figure [6](#anie201905521-fig-0006){ref-type="fig"} a). Combined techniques of FTIR and NMR together with DFT reveal that the presence of O (electron‐rich) atoms in the alkyl chain withdraws electrons from N atoms towards O atoms. This property weakens the electron‐donating ability of the amino groups, reducing the hydrogen‐bonding ability with FA^+^ cations (*E* ~ads,P~=−1.42 eV; Figure [6](#anie201905521-fig-0006){ref-type="fig"} a). As comparison, HMDA that contains no O atoms in the alkyl chain leads to a stronger adsorption energy with FA^+^ on a defect‐free surface (*E* ~ads,P~=−1.66 eV). For the FAPbI~3~ surface with V~I~ defects, the additional interaction energies of EDEA and HMDA with iodide vacancy defects were calculated to be *E* ~ads,*V=*~−1.65 eV and −1.21 eV, respectively. This means that the presence of O atoms (that weakens the hydrogen‐bonding strength) is preferred for enhancing the passivation effect on perovskite surfaces with V~I~. This is in agreement with the previous discussion that the Lewis base strength of the passivating molecules plays a role in the coordination with under‐coordinated Pb^2+^ defects; a soft Lewis base molecules is preferred in passivating under‐coordinated Pb^2+^ defects.[63d](#anie201905521-bib-0063d){ref-type="ref"} Further analyses suggest that the signal of Δ*E* ~ad~=*E* ~ad,V~−*E* ~ad,P~ provides the preferential coordination with surface sites: the negative Δ*E* ~ad~ indicates preferred interaction with V~I~ defects, while the positive Δ*E* ~ad~ indicates preferred interaction with FA^+^ cations on defect‐free surfaces (Figure [6](#anie201905521-fig-0006){ref-type="fig"} a). In line with the rationale that hydrogen bonding can be weakened by introducing additional O atoms in the alkyl chain (accomplished by employing 2,2′‐\[oxybis(ethylenoxy)\]diethylamine (ODEA)), and increased by elongating the length of the alkyl chain between N and O atoms (accomplished by employing 4,9‐dioxa‐1,12‐dodecanediamine (DDDA) and 4,7,10‐trioxa‐1,13‐tridecanediamine (TTDDA) molecules), the Δ*E* ~ad~ concept was tested to quantify the external quantum efficiency (EQE) in perovskite LEDs (Figure [6](#anie201905521-fig-0006){ref-type="fig"} a).

![a) The molecular structures of HMDA, EDEA, ODEA, TTDDA, and DDDA for systematically varying the hydrogen bonds (H‐bonds) strength and studying the interactions with FA^+^ cations (dashed red lines) and iodide vacancy, V~I~ (blue box). Dependence of EQE values from various passivating molecules treated FAPbI~3~‐based perovskite LEDs. Reprinted with permission from Ref. [80](#anie201905521-bib-0080){ref-type="ref"}. Copyright 2019 Springer Nature Publishing AG. b) Mechanism of MA^+^--π interaction between perovskite and rubrene molecule. DFT optimized configuration with electrostatic potential mesh maps. An interaction energy of −1.54 eV was computed. Reprinted with permission from Ref. [81](#anie201905521-bib-0081){ref-type="ref"}. Copyright 2018, WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. c) Illustration of cross‐linked perovskite/polymer films. The chemical structure of TMTA monomer with marked carbonyl (blue) and alkenyl (red) groups. Cross‐linking polymerization takes place upon annealing forming a continuous network of cross‐linked polymer. Reprinted with permission from Ref. [82](#anie201905521-bib-0082){ref-type="ref"}. Copyright 2018 Springer Nature Publishing AG.](ANIE-59-6676-g009){#anie201905521-fig-0006}

Similar to HMDA, DDDA is not an effective passivating molecule because its N and O atoms are almost isolated resulting in strong hydrogen bonding ability of amino groups. On the contrary, ODEA showed even a better passivation efficiency (EQE≈19 %) compared with EDEA because of its optimal hydrogen‐bonding strength when interacting with under‐coordinated Pb^2+^ defects (Figure [6](#anie201905521-fig-0006){ref-type="fig"} a).[63d](#anie201905521-bib-0063d){ref-type="ref"}, [91](#anie201905521-bib-0091){ref-type="ref"} These studies highlight a central message that not only the passivating functional groups are important, but also the molecular structure itself is key for the passivation effect and efficacy. Understanding of the fundamental physico‐chemical properties of molecular structure is important for the design of more efficient passivation materials in the future.

Experimental evidence for desorption of MA^+^ cations during thermal annealing and/or solar‐cell operation leading to MA vacancies was also provided (Figure [5](#anie201905521-fig-0005){ref-type="fig"}).[25b](#anie201905521-bib-0025b){ref-type="ref"}, [50b](#anie201905521-bib-0050b){ref-type="ref"}, [69a](#anie201905521-bib-0069a){ref-type="ref"}, [92](#anie201905521-bib-0092){ref-type="ref"} Notably, the reports regarding cation (e.g., MA^+^, FA^+^, Cs^+^) vacancy passivation is scarce.[63d](#anie201905521-bib-0063d){ref-type="ref"}, [66](#anie201905521-bib-0066){ref-type="ref"}, [93](#anie201905521-bib-0093){ref-type="ref"} Although the MA vacancy is said to lead to only shallow trap states based on theoretical calculations (Figure [3](#anie201905521-fig-0003){ref-type="fig"} a,b), its formation energy is low.[18b](#anie201905521-bib-0018b){ref-type="ref"}, [28](#anie201905521-bib-0028){ref-type="ref"} Therefore, a high density of defects are still expected for the formation of MA^+^ vacancies that leads to lowering in PCE as well as hysteresis phenomena.[50b](#anie201905521-bib-0050b){ref-type="ref"}, [92b](#anie201905521-bib-0092b){ref-type="ref"} The dipolar nature of MA^+^ cations in mixed cation--halide perovskites were shown to play an important role in effectively healing deep trap defects leading to reduced trap‐assisted non‐radiative recombination processes.[50a](#anie201905521-bib-0050a){ref-type="ref"}, [94](#anie201905521-bib-0094){ref-type="ref"} As a countermeasure, a few strategies have been reported to immobilize the A^+^ cations.[62b](#anie201905521-bib-0062b){ref-type="ref"}, [63j](#anie201905521-bib-0063j){ref-type="ref"}, [81](#anie201905521-bib-0081){ref-type="ref"}, [95](#anie201905521-bib-0095){ref-type="ref"} For example, Wei et al.[81](#anie201905521-bib-0081){ref-type="ref"} showed that rubrene can interact strongly with MA^+^ cations providing a calculated interaction energy of around 1.5 eV, which is sufficient to immobilize the organic cations and enhance perovskite surface stability (Figure [6](#anie201905521-fig-0006){ref-type="fig"} b). The MA^+^--rubrene interaction is electrostatic with an attractive force acting between the face of an electron‐rich π system (aromatic π moieties) and adjacent MA^+^ cation. This means that MA^+^ cations covered with positive charge draw the neighboring polarizable π electrons from rubrene resulting in electron sharing at the junction of MA^+^--rubrene (chelation‐like cation--π interaction). Polymers were also widely applied in perovskites to reduce defect density and enhance thermal‐ and photo‐stability (Table S2). In particular, studies employing polymer cross‐linking (or cross‐linking of functional monomers) started to gain attention because this strategy showed the ability to immobilize surface atoms/ions at grain boundaries and enhance material stability.[82](#anie201905521-bib-0082){ref-type="ref"}, [96](#anie201905521-bib-0096){ref-type="ref"} In the work by Li et al.,[82](#anie201905521-bib-0082){ref-type="ref"} the cross‐linkable monomer of trimethylolpropane triacrylate (TMTA) was mixed into the MAPbI~3~ perovskite precursor solution (Figure [6](#anie201905521-fig-0006){ref-type="fig"} c). Three unique advantages of TMTA were proposed: 1) during perovskite crystallization TMTA is expelled to grain boundaries without interruption of the perovskite crystal growth; 2) the carbonyl groups in TMTA interact with PbI~2~ leading to chemical anchoring to grain boundaries and further passivating defects; 3) the three alkenyl groups in TMTA allow cross‐linking polymerization upon annealing (Figure [6](#anie201905521-fig-0006){ref-type="fig"} c). TMTA‐containing MAPbI~3~‐based PSCs showed an outstanding long‐term stability and retained 80 % of their initial efficiency after continuous power output at maximum power point (MPP) tracking for 400 h.[82](#anie201905521-bib-0082){ref-type="ref"} While the new research efforts utilizing multicomponent or chemical composition engineering have led to several best certified efficiencies in the NREL chart as well as enhanced stability, some researchers are developing strategies to simplify the perovskite composition to the basic ABX~3~ formula (i.e., MAPbI~3~, α,δ‐FAPbI~3~, CsPbI~3~).[97](#anie201905521-bib-0097){ref-type="ref"} At the current stage, perovskite solar‐cell stability is still far from reaching the \>25 years lifetime,[97b](#anie201905521-bib-0097b){ref-type="ref"} but recent studies have shown that ABX~3~ perovskites can in fact present enhanced stability and can be more attractive to industry due to their simplicity in synthesis.[97](#anie201905521-bib-0097){ref-type="ref"}, [98](#anie201905521-bib-0098){ref-type="ref"}

In addition to charged defects, previous XPS studies have shown the existence of neutral species, such as unsaturated Pb^0^ formed on the surface of perovskite induced by the oxidation of I^−^ into I~2~ (Figure [1](#anie201905521-fig-0001){ref-type="fig"} b).[5](#anie201905521-bib-0005){ref-type="ref"}, [99](#anie201905521-bib-0099){ref-type="ref"} Pb^0^ is associated with a type of defect leading to deep trap state in perovskites.[100](#anie201905521-bib-0100){ref-type="ref"} Similarly, I^0^ can also serve as carrier recombination centers.[101](#anie201905521-bib-0101){ref-type="ref"} Pb^0^ and I^0^ were identified to be generated during long‐term operational stability under light, electric field, and thermal stress.[4](#anie201905521-bib-0004){ref-type="ref"}, [5](#anie201905521-bib-0005){ref-type="ref"}, [34b](#anie201905521-bib-0034b){ref-type="ref"}, [99](#anie201905521-bib-0099){ref-type="ref"} More recently, Yang et al.[62b](#anie201905521-bib-0062b){ref-type="ref"} have systematically studied the structures of passivation molecular functional groups, including carboxyl, amine, isopropyl, phenethyl, and *tert*‐butylphenethyl groups to understand their passivation capabilities on the Cs~0.05~FA~0.81~MA~0.14~PbI~2.55~Br~0.45~ perovskite. It was shown that carboxyl and amine groups heal charged defects via electrostatic interactions, and the number of neutral iodine (i.e., I~2~) related defects can be reduced by the aromatic structures. The fundamental understanding of the underlying passivation mechanism allowed the researchers to design a new passivation molecule, [d]{.smallcaps}‐4‐*tert*‐butylphenylalanine (D4TBP). Their solar‐cell structure consisting of poly\[bis(4‐phenyl)(2,4,6‐trimethylphenyl)amine\] (PTAA)/ Cs~0.05~FA~0.81~MA~0.14~PbI~2.55~Br~0.45~/ D4TBP/ fullerene (C60)/ 2,9‐dimethyl‐4,7‐diphenyl‐1,10‐phenanthroline (BCP)/ copper (Cu) achieved a stabilized PCE of 21.4 % with a *V* ~oc~ of 1.23 V. As comparison, the pristine champion device generated a *V* ~oc~ of 1.08 V and a PCE of 19.1 %. Because the Cs~0.05~FA~0.81~MA~0.14~PbI~2.55~Br~0.45~ perovskite has an optical band gap of 1.57 eV, this corresponds to a record low *V* ~oc~ loss of 0.34 V in their devices after the D4TBP passivation. Alternatively, Wang et al.[34a](#anie201905521-bib-0034a){ref-type="ref"} introduced a strategy for the constant elimination of Pb^0^ and I^0^ based on the incorporation of Eu^3+^↔Eu^2+^ as the "redox shuttle" that selectively oxidizes Pb^0^ and reduces I^0^ defects in a cyclical transition.[34b](#anie201905521-bib-0034b){ref-type="ref"}

The interface engineering and defect passivation strategies led to the two points at 22.67 %[102](#anie201905521-bib-0102){ref-type="ref"} and 23.32 %[14](#anie201905521-bib-0014){ref-type="ref"} in the NREL certified efficiencies chart.[1a](#anie201905521-bib-0001a){ref-type="ref"} In a recent work by Jung et al.,[102](#anie201905521-bib-0102){ref-type="ref"} *n*‐hexyl trimethyl ammonium bromide (HTAB) was inserted between poly(3‐hexylthiophene‐2,5‐diyl) regioregular (P3HT) and the perovskite layer, which resulted in the formation of a wide band gap halide (WBH) structure of HTAB~0.3~(FAPbI~3~)~0.95~(MAPbBr~3~)~0.05~ (Figure [7](#anie201905521-fig-0007){ref-type="fig"} a). The (N^+^(CH~3~)~3~ ^−^) moiety in HTAB coordinates with defects in perovskites, while the aliphatic (C~6~H~13~ ^−^) moiety coordinates with P3HT via van der Waals interaction promoting self‐assembly of P3HT on HTAB (Figure [7](#anie201905521-fig-0007){ref-type="fig"} a). This interdigitation between alkyl chains of P3HT and HTAB leads to good hole‐extraction and transport properties. Furthermore, the WBH structure led to the high certified PCE of 22.67 % owing to reduction of non‐radiative recombination (defect passivation) and enhanced physical contact between perovskite and P3HT. In addition, this new HTL has the advantage over the commonly employed PTAA or spiro‐MeOTAD HTLs because hygroscopic dopants are not required for enhancing hole mobility, which is beneficial for enhancing operational stability.[102](#anie201905521-bib-0102){ref-type="ref"} In another work, Jiang et al.[14](#anie201905521-bib-0014){ref-type="ref"} employed an organic halide salt of phenyl ethylammonium iodide (PEAI) as a passivation material (Figure [7](#anie201905521-fig-0007){ref-type="fig"} b). PEAI was applied to the FA~1−*x*~MA~*x*~PbI~3~ (*x*≈0.08) perovskite films by spin‐coating, which helped suppress non‐radiative recombination. This strategy led to the certified PCE of 23.32 % in the NREL chart.[1a](#anie201905521-bib-0001a){ref-type="ref"} PEAI coating on the perovskite layer was proposed to heal the defects by filling the iodide vacancies on the surface and at the grain boundaries.[14](#anie201905521-bib-0014){ref-type="ref"} A few studies[103](#anie201905521-bib-0103){ref-type="ref"}, [104](#anie201905521-bib-0104){ref-type="ref"} highlight the importance of double‐side passivation in ensuring interface engineering of both sides of ETL/perovskite and perovskite/HTL (Figure [7](#anie201905521-fig-0007){ref-type="fig"} c). This concept is similar to the device structure of passivated emitter and rear cell (PERC) in Si PV cells that rely on SiO~2~ passivation at both front‐ and rear‐side of a Si wafer.[104a](#anie201905521-bib-0104a){ref-type="ref"}, [105](#anie201905521-bib-0105){ref-type="ref"} In the work by Peng et al.,[103](#anie201905521-bib-0103){ref-type="ref"} an ultra‐thin insulating layer of poly(methyl methacrylate) (PMMA) was used as a double‐side passivating polymer (Figure [7](#anie201905521-fig-0007){ref-type="fig"} c). In addition to microstructure and surface morphology improvements,[106](#anie201905521-bib-0106){ref-type="ref"} the Lewis base nature of oxygen atoms in the carbonyl (C=O) groups in PMMA was ascribed as electron donors to reduce the charge state of Pb^2+^, excess MA^+^, and FA^+^ charged defects. Double‐sided PMMA passivated devices (P‐2 sides; Figure [7](#anie201905521-fig-0007){ref-type="fig"} c) demonstrated much higher *V* ~oc~ than the corresponding non‐passivated devices (control).[103](#anie201905521-bib-0103){ref-type="ref"} The studies above suggest that to further increase PCE of PSCs, strategies to improve *V* ~oc~ and fill factor (FF) are needed, which can be achieved by defect passivation, because *J* ~sc~ values have almost reached its limits (see the discussion on carrier management versus light management).[2](#anie201905521-bib-0002){ref-type="ref"}, [6b](#anie201905521-bib-0006b){ref-type="ref"}, [14](#anie201905521-bib-0014){ref-type="ref"}, [104a](#anie201905521-bib-0104a){ref-type="ref"}, [107](#anie201905521-bib-0107){ref-type="ref"}

![a) left: The perovskite solar‐cell structure based on the wide band gap halide (WBH) structure by treating *n*‐hexyl trimethyl ammonium bromide (HTAB) with (FAPbI~3~)~0.95~(MAPbBr~3~)~0.05~. The (N^+^(CH~3~)~3~ ^−^) moiety in HTAB coordinates with defects in perovskites, while the aliphatic (C~6~H~13~ ^−^) moiety coordinates with P3HT via van der Waals interaction promoting self‐assembled interdigitated structure between P3HT and HTAB (dashed box). Right: Cross‐sectional high‐resolution TEM image of WBH structure near the perovskite surface. Reprinted with permission from Ref. [102a](#anie201905521-bib-0102a){ref-type="ref"}. Copyright 2019 Springer Nature Publishing AG. b) The perovskite solar‐cell structure employing phenethylammonium iodide (PEAI) between FA~1−*x*~MA~*x*~PbI~3~ (*x*≈0.8) perovskite and spiro‐MeOTAD HTL. Proposed passivation mechanism: PEAI heals iodide vacancies exposing the underneath Pb^2+^ sites at the surfaces and grain boundaries. Reprinted with permission from Ref. [14](#anie201905521-bib-0014){ref-type="ref"}. Copyright 2019 Springer Nature Publishing AG. c) The perovskite solar cell structure with the strategy of double‐sided passivated cells by an ultra‐thin poly(methyl methacrylate) (PMMA) layer. *V* ~oc~ distribution of perovskite solar cells comparing with the passivation (P‐2 sides) and without the passivation (control). To confirm the universality of the double‐side passivation approach, perovskites with different compositions were tested. Reprinted with permission from Ref. [103](#anie201905521-bib-0103){ref-type="ref"}. Copyright 2018, WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.](ANIE-59-6676-g010){#anie201905521-fig-0007}

As several reports have pointed out, charge neutrality is important when considering the passivation of charged defects in perovskites.[62a](#anie201905521-bib-0062a){ref-type="ref"}, [62b](#anie201905521-bib-0062b){ref-type="ref"}, [66](#anie201905521-bib-0066){ref-type="ref"} Although several experimental studies discuss the formation and passivation of individual type of defects, formation of pair of defects (Schottky or Frenkel pair defects) are expected.[48a](#anie201905521-bib-0048a){ref-type="ref"} Furthermore, while DFT results have shown that Frenkel defects (e.g., Pb^2+^, I^−^, Br^−^, MA^+^) lead to both deep and shallow trap states in perovskites,[23a](#anie201905521-bib-0023a){ref-type="ref"}, [28](#anie201905521-bib-0028){ref-type="ref"} Schottky pair defects (e.g., PbI~2~ and PbBr~2~ vacancies and MAI and MABr vacancies) do not generate trap states within the band gap.[11c](#anie201905521-bib-0011c){ref-type="ref"}, [108](#anie201905521-bib-0108){ref-type="ref"} The number of publications on the topic of passivation is increasing at a fast pace indicating that the perovskite community is aware of the paramount importance of passivation strategies to achieve reproducible high efficiency perovskite solar cells with long‐term stability.[14](#anie201905521-bib-0014){ref-type="ref"}, [96](#anie201905521-bib-0096){ref-type="ref"}, [104a](#anie201905521-bib-0104a){ref-type="ref"}, [109](#anie201905521-bib-0109){ref-type="ref"}

4. Summary and Outlook {#anie201905521-sec-0004}
======================

As the fundamental origin, structural defects, and impurities in semiconductor materials play an important role in the overall performance of electronic devices in general.[8](#anie201905521-bib-0008){ref-type="ref"}, [91](#anie201905521-bib-0091){ref-type="ref"}, [110](#anie201905521-bib-0110){ref-type="ref"} In several photovoltaic technologies (e.g., Si, CIGS, CdTe), the presence of electronic defects within the semiconductor band gap limits the efficiency, reproducibility, as well as stability/lifetime.[7a](#anie201905521-bib-0007a){ref-type="ref"} Therefore, efforts have been made in the direction to minimize the defect density by well‐controlled semiconductor fabrication technology. The reported conventional semiconductors has defect densities of 10^14^ cm^−3^ (polycrystalline Si), 10^13^ cm^−3^ (CIGS), 10^15^ cm^−3^ (CdTe).[23f](#anie201905521-bib-0023f){ref-type="ref"} Unlike crystalline Si solar cells, which are fabricated via a well‐controlled semiconductor manufacturing technology, perovskite solar cells are fabricated via a solution‐based methods (e.g., spin‐coating, blade‐coating, spray‐coating)[102a](#anie201905521-bib-0102a){ref-type="ref"}, [111](#anie201905521-bib-0111){ref-type="ref"} and vapor‐based techniques[112](#anie201905521-bib-0112){ref-type="ref"} where the crystal‐growth kinetics are generally fast.[24a](#anie201905521-bib-0024a){ref-type="ref"} In addition, often the annealing as post‐treatment is required with the aim to remove the remaining solvent, which often leads to a wide range of defects.[11c](#anie201905521-bib-0011c){ref-type="ref"}, [23c](#anie201905521-bib-0023c){ref-type="ref"}, [24b](#anie201905521-bib-0024b){ref-type="ref"}, [25](#anie201905521-bib-0025){ref-type="ref"}, [113](#anie201905521-bib-0113){ref-type="ref"} These imperfect lattice alignments can be of a short range due to point defects or impurity atoms/ions (Figure [2](#anie201905521-fig-0002){ref-type="fig"} b--d,f or of a long range due to 1D dislocations, 2D grain boundaries, and 3D precipitates (Figure [2](#anie201905521-fig-0002){ref-type="fig"} b,e,g). As a consequence, these structural defects will induce the generation of electron and hole carriers traps within the band gap. The trap states can potentially act as scattering centers and non‐radiative recombination centers leading to deterioration in photophysical properties. Therefore, a thorough characterization of these defects, such as 1) experimentally assigned type of defects present in perovskites, 2) defects densities, and 3) the energy positions of these defects within the band gap is important. In earlier studies, efforts have been made to slow down the perovskite crystallization kinetics and improve crystallinity (i.e., larger grain sizes) by adding dimethyl sulfoxide (DMSO), *N*‐methyl‐2‐pyrrolidone (NMP), and 1,8‐diiodooctane (DIO)[114](#anie201905521-bib-0114){ref-type="ref"} additives into the perovskite precursor solutions to form complexes with PbI~2~.[66](#anie201905521-bib-0066){ref-type="ref"}, [68a](#anie201905521-bib-0068a){ref-type="ref"} However, even slight variations in the parameters of these solution‐based methods are still expected to lead to large variations in the concentration of defect densities during fabrication processes. Although it is still possible to attain high efficiencies on lab scale solar cells with an active area less than 1 cm^2^, the uncontrolled high/low density of defects are expected to be one of the main factors that influence the efficiency variations from batch‐to‐batch (i.e., non‐reproducibility) as well as leading to challenges in upscaling.[115](#anie201905521-bib-0115){ref-type="ref"} Furthermore, a relationship between the quality of perovskite polycrystalline films and the stability of devices was described.[116](#anie201905521-bib-0116){ref-type="ref"} Often the perovskite polycrystalline films have an undefined chemical composition at the grain boundaries and may lead to a new set of structural defects.[23d](#anie201905521-bib-0023d){ref-type="ref"}, [117](#anie201905521-bib-0117){ref-type="ref"} It has been shown that moisture‐sensitive defects at grain boundaries play an important role in triggering the moisture‐induced degradation process.[116b](#anie201905521-bib-0116b){ref-type="ref"} The situation is more complex when considering the influences of interfaces formed between perovskite and its adjacent layer (e.g., at the interface between TiO~2~ and perovskite).[102b](#anie201905521-bib-0102b){ref-type="ref"}, [118](#anie201905521-bib-0118){ref-type="ref"} Therefore, characterization and control of defect formation and its concentration are of paramount importance for achieving reproducible high efficiency perovskite solar cells with large area and long‐term stability.[6b](#anie201905521-bib-0006b){ref-type="ref"}, [98b](#anie201905521-bib-0098b){ref-type="ref"}, [119](#anie201905521-bib-0119){ref-type="ref"}

Efforts have been made to theoretically identify the different types of point defects in perovskites.[23d](#anie201905521-bib-0023d){ref-type="ref"}, [117](#anie201905521-bib-0117){ref-type="ref"} However, it is important to note that the identification of the different types of defects experimentally is imperative but challenging. In this sense, the defect passivation strategies employed in perovskites provide indications for deducing the type of defects existing in perovskites by analyzing the coordination chemistry between the passivating molecule and perovskite surface. Combining the passivation strategies and analytical tools (TAS, DLTS, SSPL, TRMC, TSC, C‐f, TPC, temperature dependent *I*--*V* measurements and summarized in Table S1) are observed to provide the thorough pictures of the type of defects and quantify the energy levels that lead to trap states and their respective density. Regarding passivation strategies, two methodologies are commonly employed (Table S2). The choices of passivation molecules by rational design are either: 1) added in the perovskite precursor solution (29 out of the 72 studies surveyed in this Review),[120](#anie201905521-bib-0120){ref-type="ref"} or 2) employed in the post‐treatment step (43 out of the 72 studies surveyed in this Review).[76](#anie201905521-bib-0076){ref-type="ref"}, [121](#anie201905521-bib-0121){ref-type="ref"} Both methods have been shown to be effective in enhancing the device stability and performance. Our survey shown in Table S2 and summarized in Figure [1](#anie201905521-fig-0001){ref-type="fig"} b provides a comprehensive list of the types of defects deduced by the passivation strategy employing FTIR, XPS, TOF‐SIMS, Raman, and EDX spectroscopy.

A large number of publications report: 1) halide vacancies (e.g., Cl^−^, Br^−^, I^−^) leading to exposure of under‐coordinated positively charged Pb^2+^ atoms (29 out of the 72 studies surveyed in this Review). The subsequent larger number of publications deals on 2) negatively charged Pb--I anti‐sites (PbI~3~ ^−^) or halide‐excess (16 out of 72), followed by 3) cation vacancies surface termination (e.g., Cs^+^, MA^+^; 6 out of the 72 studies surveyed in this Review), 4) mobile or volatile iodine and MA^+^ cation (4 out of the 72 studies surveyed in this Review), 5) metallic lead (Pb^0^) surface terminated (3 out of the 72 studies surveyed in this Review), and 6) I^0^ (I~2~) defects (2 out of the 72 studies surveyed in this Review). Because multiple different types of defects are present, it is important to adopt passivating molecules that have dual functions of Lewis base and Lewis acid to passivate effectively both types of positively and negatively charged defects simultaneously (Figure [5](#anie201905521-fig-0005){ref-type="fig"}).[56b](#anie201905521-bib-0056b){ref-type="ref"}, [62](#anie201905521-bib-0062){ref-type="ref"}, [66](#anie201905521-bib-0066){ref-type="ref"}, [69a](#anie201905521-bib-0069a){ref-type="ref"}, [89a](#anie201905521-bib-0089a){ref-type="ref"}--[89e](#anie201905521-bib-0089e){ref-type="ref"} However, for instance, even though a perovskite surface "free" of charged defects is attained, there is evidence that halides located at the grain boundaries are mobile under an electric field. In addition, desorption of MA^+^ cations is known to occur even during mild thermal annealing and/or solar cell operation conditions.[4](#anie201905521-bib-0004){ref-type="ref"}, [5](#anie201905521-bib-0005){ref-type="ref"}, [27a](#anie201905521-bib-0027a){ref-type="ref"}--[27d](#anie201905521-bib-0027d){ref-type="ref"}, [69a](#anie201905521-bib-0069a){ref-type="ref"}, [98b](#anie201905521-bib-0098b){ref-type="ref"}, [122](#anie201905521-bib-0122){ref-type="ref"} In our view, the development of designing molecules that can anchor the under‐coordinated halides and under‐coordinated cations without disrupting charge excitation and transport in perovskites deserves further attention, but currently the number of reports on this topic is still scarce.[65](#anie201905521-bib-0065){ref-type="ref"}, [69b](#anie201905521-bib-0069b){ref-type="ref"}, [89d](#anie201905521-bib-0089d){ref-type="ref"} Strategies of making stronger interactions between A^+^ cations (MA^+^, FA^+^, Cs^+^) and \[PbX~6~\]^4−^ (X=I, Br) octahedra helps stabilize the perovskite.[76](#anie201905521-bib-0076){ref-type="ref"} Acquiring a complete fundamental understanding of defects in perovskites is highly desirable not only for improving solar‐cell efficiencies, but for enhancing other technologically relevant issues for commercialization (efficiency of solar modules, upscaling, reproducibility, and stability). For example, defects such as halide vacancies and under‐coordinated Pb^2+^, were associated as being moisture‐sensitive and react easily with H~2~O and O~2~ and therefore a rational design of polymers with one end that attaches to defects in perovskites and the other end with a hydrophobic functionalization was shown to be effective.[49b](#anie201905521-bib-0049b){ref-type="ref"}, [76](#anie201905521-bib-0076){ref-type="ref"}, [123](#anie201905521-bib-0123){ref-type="ref"}

On the basis of our survey (Table S2), another key message is that none of the passivation strategies can eliminate the defects completely and they can only reduce the defect density to a certain degree (1 to 2 orders of magnitude lower).[54f](#anie201905521-bib-0054f){ref-type="ref"}--[54i](#anie201905521-bib-0054i){ref-type="ref"}, [56a](#anie201905521-bib-0056a){ref-type="ref"}, [56b](#anie201905521-bib-0056b){ref-type="ref"}, [62a](#anie201905521-bib-0062a){ref-type="ref"}, [62b](#anie201905521-bib-0062b){ref-type="ref"}, [66](#anie201905521-bib-0066){ref-type="ref"}, [72](#anie201905521-bib-0072){ref-type="ref"}, [73](#anie201905521-bib-0073){ref-type="ref"}, [76](#anie201905521-bib-0076){ref-type="ref"}, [89e](#anie201905521-bib-0089e){ref-type="ref"}, [124](#anie201905521-bib-0124){ref-type="ref"} In all of these studies, the TAS technique was the main technique employed to compare the defect densities before and after the passivation. As described above, these defects in perovskites lead to trap‐assisted recombination processes and naturally a question arises as to what is the maximum threshold of defect concentration tolerable for influencing minimally on solar cell performance. The detailed balance model provides insights into this question.[125](#anie201905521-bib-0125){ref-type="ref"} Provided that the defect density is significantly lower than the density of free carriers generated under solar‐cell operation conditions, the impact of defect density on the charge‐carrier transport will be minimal.[68a](#anie201905521-bib-0068a){ref-type="ref"} Experimentally, defect densities of 5.8×10^9^ cm^−3^ and 3.3×10^10^ cm^−3^ were reported for MAPbBr~3~ and MAPbI~3~ single crystals, respectively.[43b](#anie201905521-bib-0043b){ref-type="ref"}, [43d](#anie201905521-bib-0043d){ref-type="ref"}, [54e](#anie201905521-bib-0054e){ref-type="ref"} In comparison, polycrystalline MAPbI~3~ thin films have shown a larger density of defects in the order of 10^15^ cm^−3^ to 10^17^ cm^−3^ (Figure [1](#anie201905521-fig-0001){ref-type="fig"}).[90e](#anie201905521-bib-0090e){ref-type="ref"} Stoumpos et al.[17a](#anie201905521-bib-0017a){ref-type="ref"} reported intrinsic carrier densities for MAPbI~3~ crystals from both thermopower (\<10^16^ cm^−3^) and Hall effect measurements (ca. 10^9^ cm^−3^).[125c](#anie201905521-bib-0125c){ref-type="ref"} The Hall effect measurements reported by Wang et al.[122](#anie201905521-bib-0122){ref-type="ref"} showed that the intrinsic carrier concentration varies with the perovskite stoichiometry. MAPbI~3~ polycrystalline films formed from stoichiometric precursor solution (PbI~2~/MAI=1:1 molar ratio) lead to heavily n‐doped semiconductors with an electron concentration of 2.8×10^17^ cm^−3^. Reducing the precursor ratio to 0.3:1 (PbI~2~ : MAI) converted the films into weak p‐type semiconductors with a low hole concentration on the order of 10^14^ cm^−3^.[126](#anie201905521-bib-0126){ref-type="ref"} On the basis of these numbers, it is likely that a defect density on the order of 10^14^ cm^−3^ or lower in the polycrystalline thin films is the upper bound threshold for achieving high performances in solar cells and especially solar modules.[127](#anie201905521-bib-0127){ref-type="ref"} Grain boundaries and interfaces are prone to defect formation. Therefore, it is often preferable to form perovskite films with larger grains. The surface area to volume ratio is an important parameter, which was reported to influence the defect formation energy (DFE) by Meggiolaro et al. (in Figure [8](#anie201905521-fig-0008){ref-type="fig"} a,b).[90c](#anie201905521-bib-0090c){ref-type="ref"}, [128](#anie201905521-bib-0128){ref-type="ref"} We define the initial solar cell PCE to be PCE(*t=*0). The PCE varies as a function of its operation time before the cell completely decays, 0 \< PCE(*t*) \< PCE(*t=*0). This PCE evolution is strongly correlated with the defect generation, defect migration, halide segregation, volatilization of cations and anions, metallic‐Pb formation.[129](#anie201905521-bib-0129){ref-type="ref"} In addition, these dynamic physico‐chemical processes are dominated by surfaces and grain boundaries, that is, perovskite polycrystalline films with smaller grain sizes tend to show a lower PCE and shorter lifetime.[116b](#anie201905521-bib-0116b){ref-type="ref"} Therefore, if we can estimate the defect density corresponding to the upper bound value and compare this value to experimentally extracted defect density, we can determine whether a perovskite film in a solar cell has a reasonably high polycrystalline film quality. We estimate the density of defects as a function of grain size considering geometrical parameters. For simplicity, we assume a cubic‐shaped MAPbI~3~ grain with L as the grain size dimension, where the total available surface sites (including grain boundaries) scales as approximately 6 L^2^, while the volume scales as approximately L^3^ (Figure [8](#anie201905521-fig-0008){ref-type="fig"} a).[90c](#anie201905521-bib-0090c){ref-type="ref"} We consider, for instance, the generation of at least two detrimental defects (meaning the generation of a Frenkel or a Schottky pair defect that considers the overall charge neutrality) per surface unit cell for MAPbI~3~ (lattice constant of ca. 6.3 Å),[24b](#anie201905521-bib-0024b){ref-type="ref"}, [48c](#anie201905521-bib-0048c){ref-type="ref"} which leads to a surface defect density of *d* ~surface~≈5×10^14^ cm^−2^. The density of defects as a function of grain size can be expressed by approximately (*d* ~surface~×6 L^2^+*d* ~bulk~×L^3^)/L^3^, where d~bulk~ is the volumetric density of bulk defect sites.[90c](#anie201905521-bib-0090c){ref-type="ref"} Several studies have proposed that for perovskite solar cells, relevant defects are predominantly located at surfaces, interfaces and/or grain boundaries, and the number of defects in bulk is significantly fewer. With the assumption that the defect density in the bulk is negligible compared to the surface defect density, for L=300 nm (see the inset in Figure [8](#anie201905521-fig-0008){ref-type="fig"} c), a surface defect density of approximately 10^16^ cm^−3^, can be derived, which is roughly the same as the experimentally measured defect density in perovskite films with a typical defect density in the range from 10^15^ to 10^17^ cm^−3^ (Figure [1](#anie201905521-fig-0001){ref-type="fig"} a and Table S1). This agreement in turn verifies that it is most likely correct to assume that in solar cells based on perovskite films, surface defects are the most important ones. In addition, on the basis of experimental results on the total defect density in perovskite solar cells (Table S1), *d* ~bulk~≈10^10^ cm^−3^ can be inferred when considering large crystal grain size (L→∞).[54g](#anie201905521-bib-0054g){ref-type="ref"}, [90c](#anie201905521-bib-0090c){ref-type="ref"} Using this estimation, perovskite solar cells based on thin‐sliced "perfect" single crystals or single‐crystalline‐membranes can be promising for attaining both enhanced efficiency and stability.[54a](#anie201905521-bib-0054a){ref-type="ref"}, [54f](#anie201905521-bib-0054f){ref-type="ref"}--[54i](#anie201905521-bib-0054i){ref-type="ref"}, [55a](#anie201905521-bib-0055a){ref-type="ref"}, [130](#anie201905521-bib-0130){ref-type="ref"} A recent study employing single‐crystal CH~3~NH~3~PbI~3~ perovskite sample (thickness=20 μm) showed an outstanding PCE of 21.09 % and FF up to 84.3 %.[90a](#anie201905521-bib-0090a){ref-type="ref"}

![a) Schematic illustration showing the difference of the surface/volume ratio for perovskite films with large and small grains (L=the length of each side if assuming a cubic grain). The drastic increase in the defect density distribution varying from the bulk to surface (or grain boundary) is highlighted. b) Average defect formation energy (DFE~av~) as a function of crystal grain size for 2 different surface estimates (6 L^2^ and 2 L^2^). Reprinted with permission from Ref. [90c](#anie201905521-bib-0090c){ref-type="ref"}. Copyright 2019 American Chemical Society. c) Estimated upper limit of the surface defect density as a function of crystal grain size for a reasonable working perovskite solar cell. Grain sizes of around 300 nm show a defect density of approximately 10^16^ cm^−3^, which is in good agreement with experimental results (10^16^ to 10^17^ cm^−3^; Figure [1](#anie201905521-fig-0001){ref-type="fig"} a and Table S1).](ANIE-59-6676-g011){#anie201905521-fig-0008}

Despite the superior properties of Pb‐based perovskites, the toxicity of Pb is a concern to investors and consumers, because possible Pb leakage during fabrication, installation, or disposal can severely contaminate environment and harm human beings.[119f](#anie201905521-bib-0119f){ref-type="ref"}, [131](#anie201905521-bib-0131){ref-type="ref"} It will be desirable to obtain an in‐depth understanding about the mechanisms at the origin of the defect‐tolerant property and find alternative semiconductor materials with such properties. On the basis of theoretical calculations,[23d](#anie201905521-bib-0023d){ref-type="ref"}, [29](#anie201905521-bib-0029){ref-type="ref"}, [117](#anie201905521-bib-0117){ref-type="ref"}, [132](#anie201905521-bib-0132){ref-type="ref"} the electronic structure nature of bonding and antibonding character was proposed as a possible origin for the defect tolerance in Pb‐based perovskites. In several semiconductors, the VB edge is composed of bonding states, while the CB edge is composed of antibonding states. These materials (e.g., GaAs, GaN, Si, CdSe) are often sensitive to structural defects (i.e., defect intolerant; Figure [3](#anie201905521-fig-0003){ref-type="fig"} c) because the removal of constituent elements leads to the appearance of defect states within CB (antibonding) and VB (bonding) edges (Figure [3](#anie201905521-fig-0003){ref-type="fig"} c). On the other hand, some semiconductors (e.g., CIGS, Cu~3~N, CdTe) with the electronic structure of the VB edge composed of antibonding character and the CB edge composed of bonding character demonstrate defect tolerance. In such semiconductors, the defect states that result from removal or insertion of constituent elements into the crystal structure fall within the VB or CB bands instead of inside the band gap (Figure [3](#anie201905521-fig-0003){ref-type="fig"} c). In MAPbI~3~, a similar defect‐tolerance argument can be applicable for valence band derived defect states such as V~Pb~ and V~MA~ (Figure [3](#anie201905521-fig-0003){ref-type="fig"} a,c). In the case of V~I~ that also shows a low formation energy (Figure [3](#anie201905521-fig-0003){ref-type="fig"} a,b), the resulting dangling bonds appear as defect states inside CB. In addition, 1) relativistic effects push the CB edge energy down;[132d](#anie201905521-bib-0132d){ref-type="ref"} 2) the interaction between Pb 6s^2^ lone‐pair electrons and I 5p orbitals results in strong coupling to push the VB edge energy higher (both (1) and (2) help the defect‐state energies reside outside the band gap);[117](#anie201905521-bib-0117){ref-type="ref"}, [132b](#anie201905521-bib-0132b){ref-type="ref"} 3) the CB edge has ionic character (i.e., CB is derived from the Pb^2+^ p orbital with a minimum contribution from other constituent elements; hence, the ionic nature of the CB edge indicates that structural defects may not alter the energy level of CB);[23d](#anie201905521-bib-0023d){ref-type="ref"}, [117](#anie201905521-bib-0117){ref-type="ref"} 4) small capture cross sections of charged defects because of screening by a high dielectric constant[29](#anie201905521-bib-0029){ref-type="ref"}, [132d](#anie201905521-bib-0132d){ref-type="ref"} and 5) self‐healing[133](#anie201905521-bib-0133){ref-type="ref"} were additionally proposed as contributing factors for defect tolerance in perovskites. Xiao et al.[132c](#anie201905521-bib-0132c){ref-type="ref"} analyzed the several Pb‐based and Pb‐free halide perovskites that have the structures of 3D, 2D layers, 1D chains, and 0D isolated octahedra. Crystalline structural dimensionality has been often used as a figure of merit to evaluate photovoltaic properties (e.g., 3D structures often lead to smaller band gaps; charge transport in isotropic 3D structured perovskites is much smoother compared to that in randomly oriented grains, such as 2D, 1D, and 0D). This concept is demonstrated to be valid for some absorbers, but it fails for some others. For example, double perovskites such as Cs~2~AgBiBr~6~ have the 3D structure, but the reported PCEs are much lower. To address this deficiency (i.e., the structural dimensionality concept fails in some cases), they introduced the new concept of electronic dimensionality, which describes the connectivity or the overlapping of the atomic orbitals forming the conduction and valence band edges.[132c](#anie201905521-bib-0132c){ref-type="ref"} Higher electronic dimensionality (e.g., MAPbI~3~) is associated with both conduction‐ and valence‐band edge derived orbitals connecting three‐dimensionally. Because of this 3D electronic dimensionality, both conduction and valence band edges have band dispersion extending in all directions, leading to isotropic (3D) charge transport properties with fewer recombination events.[132c](#anie201905521-bib-0132c){ref-type="ref"} In comparison, perovskites with lower electronic dimensionality (e.g., Cs~2~AgBiBr~6~ double perovskite) are associated with 1) conduction or valence band edge derived orbitals that cannot connect three‐dimensionally; 2) mismatch in angular momentum of conduction or valence band edge derived orbitals leading to indirect band gaps; 3) large carrier effective masses along some directions in 0D electronic dimensional perovskites; and 4) the presence of dominant defects (with low formation energies) leading to deep‐level electronic trap states. On the basis of these analyses,[132c](#anie201905521-bib-0132c){ref-type="ref"} Cs~2~AgBiBr~6~ double perovskite does not exhibit promising photovoltaic properties comparable to MAPbI~3~. This report emphasizes that not only light management (i.e., the band gap dependent *J* ~sc~/*J* ~SQ~ where SQ is the Shockley‐Queisser limit) but also charge carrier management ((*V* ~oc~×FF)/(*V* ~SQ~×FF~SQ~) or the electronic transport) causes the generally lower PCEs reported in lower‐dimensional (2D, 1D, and 0D) perovskites.[2](#anie201905521-bib-0002){ref-type="ref"}, [6b](#anie201905521-bib-0006b){ref-type="ref"}, [14](#anie201905521-bib-0014){ref-type="ref"}, [104a](#anie201905521-bib-0104a){ref-type="ref"}, [107](#anie201905521-bib-0107){ref-type="ref"} Further research efforts are underway to understand better defect tolerance and its origin in perovskites, which may help predict other novel materials with defect tolerance properties as well as enhanced stability and minimal toxicity. Experimental advancements in material science for the synthesis of new semiconducting materials are moving at a fast pace. However, it is imperative to reach 1) a comprehensive microscopic picture of the types of defects considering various constraints (e.g., the overall charge neutrality, the conservation of mass during degradation etc.), 2) its origin, for example, their generation in different stages during sample preparation and degradation under device operation (Figure [1](#anie201905521-fig-0001){ref-type="fig"} c), and 3) remedies to minimize detrimental defects.
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